ABSTRACT Dielectric Barrier Discharge (DBD) type ozone generators (OGs) are widely used for industrial ozone generation. As OGs are typical non-linear load, different models are presented to analyze the characteristic of OGs and the models of OGs have proven to be an effective tool to design power supplies for OGs. However, most of the models are only applicable to nominal conditions and not suitable for a wide working range at present. Considering that almost all of the series resonant inverters use resonant tanks operating in resonance or near of it, the current through OGs can be substituted by a sinusoidal current source with variable amplitude and frequency. According to the concept, a wide-range frequency model composed of an equivalent resistance in series of an equivalent capacitance for OGs is proposed. Because the equivalent resistance and the equivalent capacitance are closely related to switching frequency of inverter and the current through OGs, the model can be used in the wide working range. Based on the model, the characteristic of OGs is analyzed and a methodology for power supplies is developed. Through a combination of the proposed model and the four limit parameters of ozone generators and power supplies in the methodology, the main circuit parameters of the power supply for maximizing the ability of OGs are obtained. To validate the wide-range frequency model and the design methodology, an ozone generation system powered by a 14-kW series resonant inverter is built. The differences between the experimental results and the analytical results show that the proposed model has satisfying accuracy in a wide working range. Compare to the conventional methodology for power supplies, the main circuit parameters of the power supply can be obtained conveniently regardless of the heavy-load condition and light-load condition of OGs.
I. INTRODUCTION
Ozone is a strong oxidizing and bleaching agent that can be used in many applications, such as water treatment, food processing, and medical pharmacy, et al [1] - [3] . Compared with other synthesis methods, the DBD method has obvious advantages [4] - [7] . Therefore, it has become the main ozone synthesis method in industrial applications. DBD is a high voltage discharge phenomenon [8] , and the typical configuration of DBD type ozone generators is shown in Fig. 1 (a) [9] - [11] . When a high voltage and high-frequency excitation is applied to high voltage electrode which is separated from a ground electrode by an air gap and a dielectric barrier,
The associate editor coordinating the review of this article and approving it for publication was Mark Kok Yew Ng. micro-discharges are formed inside the air gap. With the micro-discharges, oxygen molecules are dissociated and ozone molecules are generated [12] . There are several circuits that are used to describe the electrical characteristics of OGs [2] , [4] , [6] , [9] . The typical circuit is shown in Fig. 1(b) .
Here, C d and C g are symbols for the equivalent capacitor of the dielectric barrier and the discharge gap, respectively. V Z is discharge sustained voltage of OGs, and Vz is kept constant approximately in the discharge state.
As shown in Fig. 1 (b) , the circuit of OGs is a non-linear circuit. In the non-discharge state, OGs can be treated as C d in series of C g . In discharge state, OGs can be treated as C d in series of V Z . To power such a special load, series resonant inverters are widely used in industrial application [2] , [4] - [6] . Due to the two vastly different states in OGs, it is very difficult to analyze the characteristics of OGs and design power supplies for OGs. In order to address these issues, some models of OGs are presented. By analyzing the current through OGs and the voltage across OGs under specified conditions, a kind of RC series models with constant parameters is proposed [4] , [5] , [13] . Because this kind of equivalent circuit model is built under the specified conditions, the expressions describing the characteristics of OGs are used only under the conditions. By substituting the capacitor C g with a sinusoidal voltage under nominal conditions, a linear model and a non-linear model are presented respectively in [14] . Unfortunately, the model is used in nominal conditions rather than a wide working range. In addition, an RC parallel model for OGs is presented in [9] . Similar to RC series models, these RC parallel equivalent models are still used under specified conditions. At present, there are many specific modeling methods for series resonant converters, such as steady-state analysis with using extended describing function method. Because there are a non-discharge state and a discharge state in OGs, these modeling methods for OGs will be more complex.
To address the issue, a wide-range frequency model of OGs is presented in the paper. Because the current through OGs is substituted by a sinusoidal current source with variable amplitude and frequency, the model can be suitable for different working conditions. Based on the model, a methodology for power supplies is developed. By using the wide-range frequency model and the methodology for power supplies, a 14-kW series resonant inverter for OGs is designed. The experimental results of the proposed model have satisfying accuracy in a wide working range.
The paper is organized as follows: A wide-range frequency model is proposed in Section II. The characteristic of OGs is analyzed with the model in Section III. A methodology for the series resonant inverter is described in Section IV. In Section V, the experimental results are presented. Finally, the conclusion is made in Section VI.
II. A WIDE-RANGE FREQUENCY MODEL FOR OGs
According to a high resonant tank voltage gain, the output current wave of the series resonant inverter is approximate to a sinusoidal wave. Hence, if OGs are powered by the series resonant inverter, the current through OGs can be defined as where I m is the peak value of i(t). ω is the angular switching frequency. Using Equation (1) and Fig. 1(b) , the circuit of OGs under sinusoidal current source is given in Fig. 2 . The voltage and current waveforms of OGs under sinusoidal current source are illustrated in Fig. 3 .
In Figs. 2-3, V cg is the voltage across C g , i cg is the current through C g , i Z is the current through the discharge sustained voltage V Z and θ is the starting discharge angel of OGs.
As shown in Figs. 2-3, the behavior of OGs in the first half switching cycle can be described by two modes, namely M1 and M2. Since the remaining half switching cycle is symmetric to the first one, so its analysis process is neglected in the paper.
, V cg is clamped to V Z and the power is delivered to OGs. M2 ends with i = 0 or ωt = π.
The state equations to describe the steady-state of OGs during M1 and M2 are given as M1 : The voltage across C g in a switching cycle is given by
If the harmonic components in V cg (t) are neglected, V cg (t) can be given by
where a and b are symbols for r the reactive component and the active component of V cg (t) respectively, given by
Hence, the input impedance of OGs is obtained from
where θ = arccos(1 − 2λ) and λ = ωC g V Z I m . As shown in Equation (7), OGs can be equivalent to a resistance in series of a capacitance. Because the equivalent resistance and the equivalent capacitance are closely related to switching frequency of inverter and the current through OGs, the model can be used in the wide working range.
The transition diagram between the typical circuit of OGs and the wide-range frequency model is illustrated in Fig. 4 .
III. ANALYSIS ON THE CHARACTERISTIC OF OGs
According to the operational principle of series resonant inverters, I m can be obtained from:
where V m is the peak voltage of fundamental output voltage of inverters, ϕ is the phase difference between the output voltage and the output current of series resonant inverters, n is the transformation ratio of the step-up transformer in inverters,
|Z| is the impedance of OGs, given by
If all losses of inverters are neglected, the discharge power of OGs is obtained from:
Combining (9) and (10) leads to
where f is the switching frequency and f can be calculated as follow:
where
As shown in Fig. 3 , the voltage across OGs reaches the maximum value when
Hence, the maximum value of the voltage can be obtained as
As described, with the proposed model, the characteristic of OGs can be analyzed with a small number of equations.
IV. METHODOLOGY FOR INVERTERS
A 14-kW series resonant inverter for OGs is designed in this section as an example. For OGs, there are four main limit parameters, including the peak voltage across OGs, the root mean square (RMS) of current through OGs, the maximum frequency of inverter and the maximum discharge power of OGs. The peak voltage across OGs and the maximum discharge power of OGs are determined by the material of discharge tubes. The maximum frequency of the inverter is determined by the heat dissipation condition of the ozone generation system. (There is only about 10 percent of discharge power that is used to synthesize ozone and the rest of the discharge power is transformed into heat.) The RMS of current through OGs is determined by the maximum current bearing capacity. Once any one of the four limit parameters is reached, OGs are permanently damaged. In the design example, the limiting discharge power of the OG P lim is set to 18 kW, the limiting voltage across the OG V lim is set to 5500 V, the limiting peak current through the OG I lim is set to 20 A, and the limiting frequency of the series resonant inverter is set to 1800 Hz, respectively.
In the design, the value of λ, n, I m , and L will be determined and the design procedure is shown as follows.
1)Set the nominal requirement:
The output requirements are: P nom = 14 kW, f nom = 1600Hz and V max_nom = 4500V at nominal condition. 2) Calculate the equivalent circuit parameters of the OG: C d , C g , and V Z are obtained from Lissajous figure. Because the three parameters are easily influenced by external conditions [4] , [5] , [19] , the values of the parameters in the wide-range frequency model are average ones.
3) Determine the value of λ: As shown in Equation (10) and (14), the discharge power of OGs and the voltage across OGs increase with the increase of λ. To maximize the ability of OGs, the minimum value of λ should be used. This leads to
Therefore, the three inequalities are obtained as
The criterion (15) can be rewritten as
4) Calculate circuit parameters n and L: Once the value of λ is determined, n can be calculated by
where E is the dc-bus voltage of the inverter. The value of resonant inductor L is calculated by rewriting Equation (12),
where L consists of the leakage inductance of the transformer and external compensating inductor. By using the proposed methodology, the parameters of the inverter and the OG are obtained. These parameters are listed in Tab. 1.
Compared to the time-domain design method [15] - [17] , the values of main parameters in inverter can be calculated by several equations with the proposed methodology and the different working conditions do not need to be considered separately. 
V. EXPERIMENTAL RESULTS
In order to validate the wide-range frequency model, an ozone generation system is built, and the photo of the ozone generation system is shown in Fig. 5 . The ozone generation system mainly consists of an OG, a series resonant inverter, oxygen absorbing device and gas purification device. In the ozone generation system, an air compressor is used to generate highpressure gas, air filter is used to remove the dust and impurity in the gas, oxygen absorbing device is used to produce high concentration oxygen by adsorbing nitrogen, and gas holder is used to maintaining the pressure and flow of the compressed oxygen-rich air to OG.
The topology of the series resonant inverter and its PFM modulation are illustrated in Fig. 6 and Fig. 7 , respectively. Where T is a step-up transformer, P1-P4 are the gate driving signal of power switches S1-S4. i AB is the current through the primary winding of the transformer, and V AB is the voltage across the primary winding of the transformer. The PFM modulation of the series resonant inverter is achieved by a phase-locked loop (PLL). With the PLL, the driving signal of switches can synchronize with the current through the primary side of the transformer.
The experimental waveforms of the voltage across the primary winding of the transformer and the current through the primary winding of the transformer under different discharge power are shown in Fig. 8 . The waveforms of the voltage across the OG, the current through the OG and Lissajous figure [2] , [4] , [17] under various conditions [19] , the actual parameters are used in the analytical results. The efficiency of the inverter is given in Fig. 11 .
It is shown that the average difference is less than 6%, which validates the wide-range frequency model of OGs and demonstrates the reasonability of the proposed analysis and design.
The main reason resulting in the differences is that the current through the OG is not a perfect sinusoidal current source. Fortunately, the harmonic components in the current through the OG have little influence on the discharge power of OGs, and the effects of harmonic components can be neglected in engineering design.
Because the rate of the discharge power of the OG is lower in the low power range, the efficiency of the inverter is lower in the low power range. The power loss of the inverter includes the transformer power losses and the switching losses. Since the losses of the transformer power and the switches are almost constant in the wide working range, the efficiency of the inverter increased with the discharge power, and the average efficiency of the inverter is about 90% in the in high power range.
VI. CONCLUSION
A wide-range frequency model of OGs is proposed in the paper, On the basis of the proposed model, a methodology for power supplies is presented. To validate the model and the methodology, the analytical and experimental results are VOLUME 7, 2019 analyzed in an OGs which is powered by a 14kW series resonant inverter.
The wide-range frequency model of OGs and the methodology for power supplies are characterized by the following:
(1) The model can be used in a wide working range rather than the nominal condition.
(2) The characteristic of OGs under different conditions and the values of the main parameters in series resonant inverter can be obtained by several equations.
(3) The average differences between the experimental results and the analytical results are less than 6%, which validates the model of OGs and the methodology for power supplies.
(4) A design methodology combining the equivalent model and the limit parameters of ozone generators and power supplies are presented. Compared with the time-domain analysis & design for power supplies, the proposed methodology are more easy and convenient.
